Cooper Pair Breakup in YBa 2 Cu307_«5 under Strong Terahertz Fields 
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We show that strong electric fields of ~ 30kVcm _1 at terahertz frequencies can significantly 
weaken the superconducting characteristics of cuprate superconductors. High-power terahertz time- 
domain spectroscopy (THz-TDS) was used to investigate the in-plane conductivity of YBa2Cu307_i 
(YBCO) with highly intense single-cycle terahertz pulses. Even though the terahertz photon energy 
(~ 1.5 meV) was significantly smaller than the energy gap in YBCO (~ 20-30 meV), the optical 
conductivity was highly sensitive to the field strength of the applied terahertz transients. Possibly, 
this is due to an ultrafast, field-induced modification of the superconductor's effective coupling 
function, leading to a massive Cooper pair breakup. The effect was evident for several YBCO thin 
films on MgO and LSAT substrates. 

PACS numbers: 74.72.-h, 74.25.N-, 78.47.-p 



Conventional terahertz spectroscopy permits a direct 
measurement of the temperature and frequency depen- 
dence of the conductivity and has allowed for a de- 
tailed examination of parameters such as the plasma fre- 
quency, the superfluid density or the London penetration 
depth [IKE] ■ Optical pump-terahertz probe studies have 
established a better understanding of the nonequilib- 
rium behavior of cuprate superconductors, particularly 
the superconducting pair and quasiparticle relaxation dy- 
namics after femtosecond excitation [H O [7] ■ Recently, 
Pashkin et al. 12 have investigated the electron-lattice 
interactions in YBCO after mid-infrared photoexcitation 
on a sub-picosecond time scale. They concluded that 
the pump energy leads to a competition between the 
population of phonons and the depletion of the super- 
conducting condensate [T2J Q2] . Fausti et al. have used 
the pump-probe technique to induce superconductivity 
in non-superconducting Lai.675Euo.2Sro.i2sCuO [T4] . 

We have employed high-power terahertz time-domain 
spectroscopy to investigate the time-resolved behavior 
of the high-T c superconductor YBCO in the presence 
of strong terahertz electric fields. With this method, 
we were able to separate the field-induced changes from 
other effects, particularly heating and photon-induced 
Cooper pair breaking. Pulses at ps-duration only re- 
quire energies in the range of 0.1 fiJ to reach high peak 
electric field strengths, i.e. heating is avoided. Simi- 
larly, the spectral range of the pulses between 0.2 and 
1 THz with a center frequency of 0.35 THz ruled out mas- 
sive photon-induced pair breaking. In combination with 
the direct accessibility of the conductivity, high-power 
terahertz time-domain spectroscopy (THz-TDS) there- 
fore provided a powerful tool to investigate an aspect 
of high-temperature superconductivity that has been 
elusive so far: the behavior of YBCO when exposed 
to terahertz-frequency transients with ultra-strong peak 
electric fields. 
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FIG. 1. Transmission of intense, single-cycle THz pulses 
through YBa2Cu307_«. Thin films were probed with THz 
pulses of up to SOkVcm" 1 field strength. The THz waves 
propagate in c-direction, i.e. the electric field was polarized 
parallel to the a-b planes of the superconducting film. 



By means of the tilted-pulse-front method [121 ITS] , 
we generated highly intense, single-cycle terahertz pulses 
through optical rectification in a LiNb03 crystal which 
were then transmitted through the YBCO thin films 
(Fig. [I]). Thereby, it was possible to probe the films 
with peak terahertz electric fields of approximately 
30kVcm _1 . Our experiment is a consequence of the 
rapid progress in the generation of intense terahertz radi- 
ation in the last few years, which has established the field 
of nonlinear terahertz science [5J [T5T - H7] . The polariza- 
tion was parallel to the a-b planes. A high signal-to-noise 
ratio permitted the investigation of the field-dependent 
behavior of YBCO at low temperatures, at which the 
transmission is small due to the high surface impedance 
of the superconducting thin films. The measurements 
were conducted on optimally doped, expitaxially-grown 
YBCO thin film samples of 45 nm and 120 nm thickness. 
The substrates were 500 /mi (LaA103)o.3 (Sr 2 AlTa06)o.7 
(LSAT) and MgO single crystals, respectively, and the 
critical temperature of the thin films was 88 K. 
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FIG. 2. Terahertz pulses transmitted through a 45 nm 
YBa2Cu307_i film on LSAT. The time-domain transients, 
measured by electro-optic sampling, are shown for temper- 
atures well below (upper two panels) and above the super- 
conducting transition temperature. Eo corresponds to a field 
strength of approximately 30kVcm _1 . All curves are normal- 
ized to the peaks of the bare substrate measurements (bottom 
panel). As the field strength is increased at 34 K and 75 K, 
a field-induced modification of the effective coupling function 
leads to a massive Cooper pair break-up. The transmission in- 
creases and the shape of the curve becomes more similar to the 
non-superconducting case (red curves in upper two panels). 
At temperatures below T c , the superconducting characteris- 
tics therefore sensitively depend on the field strength of the 
applied terahertz transients. The effect could also be repro- 
duced on a 120 nm YBCO thin film on MgO substrate. 



A first feature of the field-dependent behavior of the 
YBCO thin films is already given by the bare time- 
domain information obtained from the THz-TDS mea- 
surements. Figure [2] shows the time-resolved terahertz 
signal after transmission of the pulse through a YBCO 
thin film on LSAT for temperatures below and above 
the critical temperature, respectively. At 130 K in the 
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FIG. 3. Transmission at different field strengths, measured 
at 34 K and 130 K (inset). The frequency dependence of the 
transmission, normalized to the bare substrate, is displayed 
for different probe field strengths. At temperatures below 
T c , the damping of the superconductivity under strong fields 
causes the film to become increasingly transparent at low fre- 
quencies (main panel, red curve). 



non-superconducting state, the response is hardly sen- 
sitive to the field strength of the probing terahertz 
pulses. The wave shape is almost identical to the one 
in the bare-substrate case. Similarly, the low-field, low- 
temperature response (blue curve in upper panel, Fig. [2| 
is in agreement with previous time-resolved terahertz 
studies [51 [TB]. In this state, the transmission is sig- 
nificantly reduced. The superconductor's kinetic in- 
ductance leads to a clear modification of the waveform 
with respect to the reference pulse [6j. This behavior 
changes, however, when applying the full terahertz field 
of roughly 30kVcm _1 at 34 K and 75 K. The transmis- 
sion increases strongly with increasing field strength (red 
curve in Fig. [2]). The waveform becomes similar to the 
response in the non-superconducting state. This suggests 
a decrease of the kinetic inductance and a clear damp- 
ing of the superconductor's response in strong terahertz 
electric fields. 

A look at the frequency-dependence of the transmis- 
sion at 34 K, shown in Fig.[3j provides further insight into 
this behavior. As expected from the time-domain data, 
for frequencies in the range between 0.1 and 0.6 THz, 
the transmission increases with higher terahertz field 
strengths. We note that the shift is accompanied by 
a change in the frequency dependence. For weak elec- 
tric fields, the transmission increases linearly with fre- 
quency, in accordance with previous findings with low- 
power THz-TDS [6]. The kinetic inductance of the super- 
conducting charge carriers causes the thin film to act like 
a high pass filter, i.e. higher frequencies experience less 
attenuation [6j [18] . In the presence of strong terahertz 
fields, however, the transmission increases at lower fre- 
quencies. At 0.35 THz, it exhibits a flattening close to the 
center frequency of the incident pulses while the trans- 
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FIG. 4. Field-dependent optical conductivity. For temperatures below and above T c , the complex conductivity is shown as a 
function of the THz field strength. The values at 0.4 THz are displayed. At temperatures below T c , note the strong increase 
of o i at high field strengths. This is accompanied by a strong drop of 02, indicative of a massive field-induced Cooper pair 
breakup. For the critical temperature of 88 K (red hexagons) and for f30K (yellow triangles), the complex conductivity is 
almost terahertz field-independent. This behavior could be observed for the entire frequency range and for all samples. Lines 
serve to guide the eye. 



mission at higher frequencies remains almost unchanged 
(Fig. [3]). Thus, the high-pass filter model does not apply 
for high terahertz held strengths, which suggests a strong 
reduction of the kinetic inductance. 

It is evident that this modification of the kinetic in- 
ductance is caused by a field-induced breakup of Cooper 
pairs. Figure [4] shows the field-dependence of the com- 
plex conductivity for different temperatures. For increas- 
ing terahertz fields, there is a clear drop of 02 and an in- 
crease of <7i at temperatures below T c . This behavior was 
observed in all the samples as well as in the entire fre- 
quency range. This is remarkable because it indicates a 
massive Cooper pair breakup, in spite of the fact that the 
photon energy was well below the energy gap of YBCO. 
A peak frequency of 0.35 THz corresponds to a photon 
energy of approximately 1.5 meV, while the energy gap of 
YBCO is in the range of 20meV [TS]. Similarly, the pulse 
energies are too low for bare heating. This requires an 
explanation different from conventional photon-induced 
or thermally excited Cooper pair breakup. 

The terahertz transients with peak electric field 
strengths of roughly 30kVcm~ 1 and the evident field 
dependence of the superconducting properties suggest 
a field-induced modification of the superconductor's ef- 
fective coupling function. As a result, a Cooper pair 
breakup is taking place even well below the energy gap of 
the superconductor. The scale of this effect is determined 
by the strength of the applied terahertz field. 

Such a behavior explains the drop of 0% and the in- 
crease of (7 1 for strong terahertz electric fields, as these ef- 
fects clearly suggest a field-induced damping of the super- 
conducting characteristics. It also provides an explana- 
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FIG. 5. Superconducting fraction of the spectral weight f s , 
extracted from fits of the two-fluid model to the complex con- 
ductivity of a YBa2Cu307_5 thin film (Eq. [TJ. Note that 
fs +/n — 1, where /„, is the quasiparticle fraction of the spec- 
tral weight. At 34 K, 55 K and 75 K, the field-induced Cooper 
pair breakup implies a strong reduction of f a . The x-axis is 
normalized to the peak THz electric field at 34 K. The solid 
lines are guides to the eye. 

tion for the mentioned change of the kinetic inductance, 
leading to an increase of the transmission for stronger 
electric fields (Fig. [3]) . 

Figure [5] complements this picture of a field-induced 
Cooper pair breakup and a related reduction of the 
superconducting carrier density. It shows the field- 
dependence of the superconducting fraction of the 
spectral weight / s , extracted from a two-fluid model fit 
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to the complex conductivity [H [51 [S] , 

ne 2 ( f n f s \ 
a = a 1 +ia 2 = — [ — : — (1) 

TO* \T 1 — IU! VjJ J 

where n is the total carrier concentration, m* is the 
carriers' effective mass and r is the scattering rate. 
At temperatures below T c and for increasing terahertz 
field strengths, f s drops sharply until the thin film 
becomes almost non-superconducting. This decrease of 
f s is accompanied by a commensurate increase of the 
quasiparticle contribution /„. 

In conclusion, we have shown how intense single-cycle 
terahertz pulses modify superconductivity in YBCO. A 
drop of the imaginary part of the conductivity and an 
increase of the real part imply a breakup of super- 
conducting pairs in the presence of strong terahertz fields 
of tens of kVcm -1 . This takes place in spite of low 
pulse energies and photon energies well below the super- 
conductor's energy gap. The pair breakup mechanism 
that explains the modification of the effective coupling 
function requires further investigation. The effect could 
be observed in all samples under investigation. In the 
future, it would be interesting to examine this high- 
field behavior in other high-temperature superconductors 
with a different anisotropy and to investigate a possible 
field-induced change of the interlayer coupling in YBCO 
by applying terahertz- frequency transients parallel to the 
c-axis. 
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